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ABSTRACT

Electrically-small ground planes degrade the performance of ground-based high-

frequency receiving arrays because the arrays are more susceptible to earth multipath,

ground losses, and external currents on element feed cables. Performance degradations

include a reduction in element directive gain near the horizon, distortion of the element

azimuthal pattern, an increase in the system internal noise factor, and increases in the array

factor root-mean-squared (rms) phase error and beam-pointing errors. The advantage of

electrically-small ground planes is their relatively low cost of construction and maintenance.
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SECTION 1

INTRODUCTION

High-frequency (HF) antenna elements for over-the-horizon (OTH) receiving arrays

often consist of some form of a vertical monopole element with a ground plane resting on the

Earth or in close proximity to it. Its proximity to Earth causes a far-field multipath pattern null

on the horizon; multipath ground losses; a leaky evanescent surface wave which directs energy

into the Earth, but not the air medium, causing additional ground losses; and a near-field non-

uniform multipath reflection from a nonhomogeneous earth.

The output of each antenna element (including its matching network, if any) is usually
transmitted to its own receiver by means of a transmission line (hereafter referred to as a "feed

cable"). Exterior currents are induced on the element feed cables by the tangential component

of the monopole element field incident on the cables and by ground-plane currents diffracted by

the edge of the ground plane.

Antenna performance degradations by the Earth and by external currents on the feed

cables are mitigated by employing ground planes that are as large as is economically feasible.

Large ground planes bring the peak of the multipath pattern closer to the horizon, reduce near-

field ground losses, provide uniform near-field ground reflection from element-to- element,

shield the cables from the element fields, and minimize the ground-plane current incident on the

edge of the ground plane.

In the design of very large OTH receiving arrays (comprising hundreds or thousands of

elements), electrically-large metallic ground planes are prohibitively expensive to construct and
maintain. One alternative approach is to employ salt-water ground planes; however, suitable

salt-water sites are not readily available and they have unique problems. In this report, we

discuss another alternative approach. using elements with electrically-small ground - -s; and

we also estimate the performance degradations that can result from it.

Performance degradations caused by electrically-small ground planes include (1) a

reduction in element directive gain near the horizon (caused by Earth multipath) and distortion
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of it azimuthal pattern (caused by exterior currents on element feed cables); (2) a decrease in

element radiation efficiency with a consequential increase in system internal noise (caused by

ground losses); (3) an increase in the array factor root-mean-squared (rms) phase error (caused

by non-uniform Fresnel reflection from nonhomogeneous Earth and exterior currents on

element feed cables); and (4) an increase in the array factor beam-pointing errors (caused by

non-uniform Fresnel reflection from nonhomogeneous Earth).

These performance degradations may be grouped according to their effect on element

directive gain, the system operating noise factor, and the array factor. The predetection signal-

to-noise ratio (SNR) of a receiving system is proportional to the receive antenna directive gain

(which is proportional to the element directive gain and the array factor) and is inversely

proportional to the system operating noise factor [ I]. For ground-based HF radar or

communication systems, the Earth excess propagation loss factor is usually included in the

antenna ground-plane system rather than in the propagation path [1]. Ohmic losses of the

receive antenna (including its ground-plane system and matching network) are incorporated as

part of the system operating noise factor [1] in accordance with International Radio

Consultative Committee (CCIR) convention.

The effect of electrically-small ground planes on element directive gain is discussed in

section 2. The system operating noise and array factors are discussed in sections 3 and 4,

respectively. Section 5 presents the summary and conclusions.

1-2



SECTION 2

ELEMENT DIRECTIVE GAIN

Monopole elements with perfect ground planes (of infinite extent, conductivity, and

density) have a radiation pattern that has its peak on the horizon and is omnidirectional in

azimuth. Furthermore, the current on the exterior of the element feed cable is zero. For this

case, the interference of the element and the image fields is totally constructive in the direction

of the horizon, the feed cable is completely shielded from the element fields, and the current on

the bottom surface of the ground plane is zero.

For imperfect ground planes, the direction of peak directive gain is at an angle above

the horizon. The directive gain on the horizon is approximately -6 dBi and --c dBi when the

ground plane is in free space and when it is in proximity to flat Earth, respectively.

Furthermore, the current on the exterior of the element feed cable is non-zero because the feed

cable is not completely shielded from the element fields, and the current on the bottom surface

of the ground plane at the feed cable is also non-zero.

This section presents numerical results of the directive gain for monopole elements with

electrically-short circular ground planes resting on flat Earth. In our discussion, we assume

that the element and ground planes are fabricated from metal of infinite conductivity. The

ground-plane density is infinite for disk ground planes, a function of the number of radial

wires and wire radius for radial-wire ground planes, and a function of the mesh spacing and

wire radius for screen ground planes. The effects of Earth multipath and exterior current on the

element feed cable are discussed in sections 2.1 and 2.2, respectively.

2.1 INFLUENCE OF EARTH MULTIPATH

Earth multipath introduces a null on the horizon for monopole antennas in proximity to

flat Earth unless they have a perfect ground plane. In this section, we discuss the effect of

Earth multipath on the element directive gain with a condition of zero exterior current on the
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element feed cable. This section presents a characterization of the antenna parameters, a survey
of literature, numerical results for disk ground planes and radial-wire ground planes, and an
analytical expression for directive gain.

2. ].1 Characterization of Antenna Parameters

Monopole elements at the center of circular ground planes in proximity to flat Earth are
characterized by at least six parameters (see figure 2-1): three antenna parameters normalized j
the radio-frequency (rf) wavelength % [element length h/,%, element radius b/%, and ground-
plane radius a/X or 2rta/X in wavenumbers]; and three Earth parameters [dielectric constant c;
loss tangent (/oaxj) = (60 X a/c); and height zo/X of the Earth's surface relative to the
ground plane, where a = Earth conductivity (S/m), co = 2nrf = radian rf frequency (rad/s), X =
rf wavelength (m), and F-o = free-space permittivity = 8.854 x 10- 12 (farads/m)]. The Earth

cotistants, loss tangents, and penetration depths for CCIR 527-1 characteristics of Earth in the

3 through 30 MHz band are summarized in table 2-1. The above six parameters sufficiently
characterize the antenna's electrical properties for disk ground planes. For radial-wire ground
planes with equally-spaced wires, additional parameters are the number N and radius bw of the

wires; for mesh-screen ground planes, the mesh shape, spacing, and wire radius are the
additional parameters.

2.1.2 Survey of Literature

Numerical results of the magnetic far-field intensity with a ground plane relative to that
with no ground plane (for the case of a circular ground plane resting on flat Earth) have been

published previously. Wait et al. published results for small radial-wire ground planes [3];
large radial-wire ground planes [13, 17]; small disk ground planes [3]; large disk ground
planes [6, 17]; large ground screens [4, 9, 12, 14]; nonhomogeneous Earth [5, 7, 8, 10, 11,
15]; and assorted ground planes [16]. Rafuse and Ruze [18] published results for large ground
screens and radially-nonhomogeneous Earth. Those results yield the absolute power gain, but
not the absolute directive gain, because ground losses are included in the relative magnetic far-
field intensity. The above refereaces, with the exception of 11, 12, 14, and 18, assume that
the current on the finite-extent ground plane is the same as that for a perfect ground plane.
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2.1.3 Numerical Results for Disk Ground Planes

Weiner [19] determined the absolute directive gain of quarter-wave monopole elements

on electrically-small disk ground planes resting on flat Earth by using Richmond's method-of-
moments computer programs [20, 21 ] which compute the actual currents on the element and

ground planes and the resulting far fields. The numerical results are shown in figures 2-2
through 2-12 for the cases h, = 0.25, bA = 10-6, 2ira/ = 0 to 8 wavenumbers, and medium

dry ground (Er = 15, c = 0.001 S/m) at a frequency of 15 MHz. Results are compared with

those for a perfect ground plane (Er = 1.0, c = -) and for free space (Er = 1.0, a = 0).

The peak directivity is approximately independent of disk radius and approximately equal

to that of a perfect ground plane (see figures 2-2 through 2-7). Figures 2-2 through 2-6 are
polar plots of numeric directive gain on the same linear scale. The angle of incidence of the
peak directivity for 0 . 27raAI 8 is approximately independent of ground-plane radius and

approximately 30 degrees above the horizon (see figure 2-8). The Earth softens the edge of the
ground plane and minimizes changes in directive gain resulting from ground-plane edge

diffraction. In the absence of Earth, large changes in directive gain occur (see case 11 in
figures 2-7 and 2-8) because ground-plane edge diffraction is more pronounced. The large

changes in angle of peak directivity do not represent significant changes in peak directivity

because of the broad 3 dB beamwidth of the radiation pattern. The jump in angle of peak
directivity between 2na/A = 5.5 and 5.75 wavenumbers (see case 11 of figure 2-8)

corresponds to a change in directive gain of 0.5 dB and is due to a change in beam shape
(compare figures 2-5 and 2-6). A disk radius of 27raA > 60 is required so that the angle of

incidence of the peak directivity is within eight degrees of the horizon.

The directive gain at angles of incidence near the horizon (820 5 0 < 90"), for

0 : 21ta/? _ 8, shows no improvement over that with no ground plane at all and, in fact,

decreases aperiodically with increasing disk radius by as much as 1 dB (see figures 2-9 through
2-13). The directive gain at angles of incidence of 82, 84, 86, 88, and 90 degrees is 4, 5, 7,
13, and -c dB, respectively, below the peak directive gain for these disk radii. Substantial
improvement in directive gain near the horizon occurs for 2ta, > 15 as an approximate lower

bound.
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2.1.4 Numerical Results for Radial-Wire Ground Planes

Burke, et al. [22, 23, 24, 25, 26] obtained the absolute directive gain and input
impedance of quarter-wave monopole elements on electrically-small radial-wire ground planes
in proximity to flat Earth, using a method-of-moments program for wire antennas known as the
Numerical Electromagnetics Code (NEC). Numerical results for a test case used in Code
version NEC-3 are shown in figure 2-14. The antenna parameters are h/9. = 0.25, b/), = 1.67

x 10-4, 27ta, = 1.26, Er = 10.0, C = 0.01 S/m, N = 6, and b,A = 1.67 x 10-4 at a frequency
of 5 MHz. The directive gain is approximately the same as that for a disk ground plane of the

same radius.

2.1.5 Analytical Expression for Directive Gain

The numeric directive gain of electrically-short monopole elements on ground planes
resting on lossy Earth may be approximated analytically by an expression of the form

dr(0) = I Acos'nsinno; 0:<0<z/2rad, m>0, n>l
S0, -rn/2 <_0< 0rad (2-1)

The exponents m and n are chosen to yield a peak directive gain in a desired direction, and a
null at 0 = 0 and n/2 radians. The coefficient A is chosen to satisfy the condition

2r 7t/2

(1/47r) f fdr(O)sinOdEdo=l
0 0

Accordingly,

ir!2

A = 2/ JcosmOsinn+ l 0 dO

0
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The directive gain of equation (2-1) has a null in the direction of zenith, and the horizon has a
peak directive gain comparable to that for a perfect ground plane.

An analytical expression that approximates the directive gain obtained by numerical
methods for medium dry ground and 27ra/. = 3 (see figure 2-15) is given by

d.() 10cos0 sin30; 0:< 0:< r / 2rad
d0,- (r / 2{< 0I<0 rad (2-3)

Equation (2-3) has a peak directive gain drpeak = 3.25 = 5.12 dBi in the direction 0 = rd3

radians. The directive gain of electrically-short monopole elements on ground planes resting
on lossy Earth does not vary appreciably with different types of lossy Earth or for ground-
plane radii 0 : 2ra/' < 8 wavenumbers. Therefore, equation (2-3) is also an approximation of

the directive gain obtained by numerical methods for cases (3) through (10) of table 2-1 and
ground-plane radii 0 21ta/X5 8 wavenumbers. A more accurate analytical expression of the

directive gain for a specific case is obtained by optimizing the exponents m and n in equation
(2-1), and modifying the coefficient A in accordance with equation (2-2).

2.2 DEGRADATION BY FEED-CABLE EXTERIOR CURRENT

The condition of zero exterior current on the feed cable is never realized for monopole
elements with imperfect ground planes. However, this condition is approximated in practice
with lossy ferrite toroidal cases around the feed cable [2]. The ferrite toroids must extend
along the cable to a distance so that the element field impinging upon the cable is sufficiently

weak and the current (edge-diffracted underneath the ground plane to the feed cable) is
adequately attenuated.

The exterior current on the feed cable may also be minimized by burying the cable below
the surface of the Earth at a sufficient depth. The depth can be much less than the field
penetration depth. For example, the penetration depth for a plane-wave incident normally on
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medium dry ground at 15 MHz is 21m (see table 2-1). If the feed cable is buried at a depth of

21cm (1/100 of the penetration depth), most of the exterior current that is generated on the feed

cable will not be reradiated into the air medium; instead, it will be leaked off into the Earth.

A more detailed discussion of performance degradation by feed-cable exterior current is

forthcoming [49].
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SECTION 3

SYSTEM OPERATING NOISE FACTOR

The predetection SNR of a receiving system is inversely proportional to the system

operating noise factor f [1]. If the ambient temperatures of the receiving antenna, matching

network, and transmission line are equal to the reference temperature, then

f =(fa-l+c tm tn fr) fp (3-1)

where

fa = receive antenna external noise factor integrated over the antenna pattern
function (numeric)

IC91mitn = available loss factors of the receive antenna, matching network, and

transmission line, respectively (numeric _> 1)

fr = receiver noise factor (numeric)

fp = signal-to-noise processing factor (numeric)

For an external noise-limited system, the system operating noise factor given by

equation (3-1) reduces to

f = fafp , fa>>IcmIn f - 1  (3-2)

where Ic IM, en, f, are internal noise parameters generated by the receiving system. When

the receiving system is externally noise-limited, which is one of the design objectives of the

HF receiving system, the system operating noise factor is minimized and the predetection

SNR is maximized. This condition is expressed as
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Ic 
1

p e, fr - 1 <f,, externally noise-limited receiving system.

The external noise factor f, is a function of the directive gain of the receive antenna

[1]. The available loss factors c, IM, In and the receiver noise factor fr are evaluated in

references 1, 28, and 29 as functions of the circuit impedance parameters and source

impedances of the respective circuits. The available loss factors are equal to the ratio of the

input to output available powers of the respective circuits, which is unity when the ohmic

loss of the circuit is zero. The ohmic loss of the receive antenna earth-ground system is

conventionally included in the available loss factor 1, of the receive antenna (rather than in

the excess propagation loss factor) in HF receive systems [1]. The receiver noise factor f,
is a function of the receiver source admittance and four empirical noise parameters of the

receiver [28].

The parameters fa, ,em, en,fr are all functions of the extent, conductivity, and

density of the receive antenna ground plane. The parameters en, ,, , and fr, which are

indirect functions of these ground-plane parameters, become stabilized (as a function of

ground-plane radius and Earth permittivity) for small ground planes (see section 3.2). The

antenna available loss factor eo, a direct monotonic function of these ground-plane

parameters, requires a much larger ground plane before becoming stabilized (see section

3.1).

3.1 INFLUENCE OF GROUND LOSSES ON THE ANTENNA
AVAILABLE LOSS FACTOR

The antenna available loss factor !c is defined as the ratio of the available power at the

input of the antenna to the radiated far-field power. For an antenna in free space or in
proximity to dielectric Earth (Y = 0), the far-field power is radiated into the hemispheres

above and below the antenna. However, for an antenna in proximity to lossy Earth
(a > 0), the radiated far-field power is confined to the hemisphere above the Earth because

an) power radiated downward into lossy Earth is attenuated at large distances at a rate

greater than 1/r2 . The antenna available loss factor ic is given in reference 28 as:
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ic = 1/ 77 = Rin I Rrad = I+(Rc / R,,,,) (3-3)

where

11 = antenna radiation efficiency = fraction of the available input power that is

radiated to the far field (numeric 2! 1)

Rin = antenna input resistance = Rc + Rrad (ohms)

Rrad = antenna radiation resistance (ohms)

Rc  = series resistance due to ohmic losses of the antenna circuit including ground
losses, but excluding losses in the matching network (ohms)

The series resistance Rc is only from ohmic losses in the Earth because the element and

ground plane are assumed to be fabricated from metal of infinite conductivity.

Hansen [30] has determined the radiation efficiency i'l of vertical elements with

electrically-small ground planes in proximity to lossy Earth (; > 0) for Hertzian and half-

wave dipoles above lossy Earth. Weiner [19] has determined the radiation efficiency for

quarter-wave monopole elements on disk ground planes resting on Earth, and Burke [33]

has determined it for quarter-wave elements on radial-wire ground planes in proximity to

Earth.

In addition to the radiation efficiency l, we define a modified radiation efficiency ild

that is equal to the ratio of the far-field power radiated in the hemisphere above the Earth to

the available input power. Their relationship, for the cases of an element above lossy' Earth

(a > 0) or in free space (E. = 1, c = 0), is given by:Sri, element above lossy, Earth (aj > 0) or a perfect ground plane (ay = 00)

Tid = Ti / 2, element in free space (Er = 1, (Y = 0)

(Pair / (Pair + Pearth), element above dielectric Earth (a = 0) (34)
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where

Pair = far-field power radiated into upper hemisphere (air)

Pearth = far-field power radiated into lower hemisphere (earth)

For an element above dielectric Earth (a = 0), the antenna radiation efficiency is 11 = 1 since

the element and ground plane have been assumed to be fabricated from metal of infinite

conductivity. King [31] and Burke [321 have determined the modified radiation efficiency

rd for a Hertzian dipole above dielectric Earth.

The following subsections present numerical results of Earth-ground losses for these

cases: a vertically-polarized dipole above lossy Earth, a vertically-polarized Hertzian dipole

above dielectric Earth, a quarter-wave monopole element on a disk ground plane resting on

Earth, and a quarter-wave monopole element on a radial-wire groundscreen in proximity to

Earth. A discussion of the role of the surface wave in directing energy into the Earth is

included.

3.1.1 Vertically-Polarized Dipole above Lossy Earth

The radiation efficiency of a vertical dipole above lossy Earth increases non-

monotonically with increasing height above Earth, monotonically with increasing length of

the dipole. and non-monotonically with increasing conductivity of the Earth [30].

Minimum radiation efficiency occurs for a Hertzian dipole at zero height above the Earth.

Its numerical value is not clear in reference 30. For lossy earth (a > 0), computer runs of

the NEC-3 program using the Sommerfeld option yield a minimum radiation efficiency

Tj= 0 in the limit of the dipole length h approaching zero and the dipole height I zo

approaching zero (see table 3-1). A Fresnel reflection coefficient model is grossly

inaccurate in computing absolute power gain, ground losses, radiation efficiency, or input

impedance for an element above lossy Earth (see table 3-1 for an electrically-small

monopole element whose base rests on Earth ), although such a model accurately

computes the absolute directive gain [51]. A Fresnel reflection coefficient model yields

results for directive gain similar to those obtained by Richmond's method-of-moments for
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Table 3-1. Radiation Efficiency of a Vertically-Polarized Thin
Monopole Element of Length h Whose Base Is at Zero

Height above Earth, f = 15 MHz

CCIR-527-1 Earth Radiation Efficiency -n (numeric)
Classification--- hA=0.01 h/A=0.05 hA=0.1O h/A=0.15 h/%=0.20 hAX=0.25

(1) Perfect Ground
Sommerfeld 1.000 1.000 1.000 1.000 1.000 1.000
Fresnel 1.000 1.000 1.000 1.000 1.000 1.000

(2) Sea Water
Sommerfeld* 0.005 0.317 0.660 0.752 0.798 0.823
Fresnel 0.894 0.891 0.889 0.886 0.882 0.877

(3) Fresh Water
Sommerfeld* 0.000 0.014 0.083 0.146 0.211 0.273
Fresnel 0.525 0.520 0.517 0.511 0.504 0.496

(4) Wet Ground
Sommerfeld* 0.000 0.005 0.033 0.063 0.101 0.144
Fresnel 0.407 0.402 0.399 0.393 0.387 0.379

(5) Medium Dry Ground
Sommerfeld* 0.000 0.008 0.050 0.087 0.125 0.163
Fresnel 0.318 0.316 0.315 0.313 0.309 0.305

(6) Very Dry Ground
Sommerfeld* 0.000 0.003 0.020 0.039 0.063 0.090
Fresnel 0.175 0.175 0.175 0.175 0.176 0.178

(7) Pure Water, 20 °C
Sommerfeld* 0.002 0.096 0.216 0.282 0.334 0.375
Fresnel 0.510 0.510 0.508 0.505 0.501 0.495

(8) Ice, -1 *C
Sommerfeld* 0.000 0.003 0.020 0.039 0.063 0.090
Fresnel 0.175 0.175 0.175 0.176 0.176 0.178

(9) Ice, -10 *C
Sommerfeld* 0.000 0.008 0.046 0.077 0.107 0.135
Fresnel 0.175 0.175 0.175 0.176 0.177 0.179

(10) Average Land (TCI)
Sommerfeld* 0.000 0.001 0.007 0.016 0.027 0.044
Fresnel 0.294 0.287 0.282 0.277 0.270 0.262

(11) Free Space
Sommerfeld 1.000 1.000 1.000 1.000 1.000 1.000
Fresnel 1.000 1.000 1.000 1.000 1.000 1.000

More accurate result
Sommerfeld m NEC-3 program in Sommerfeld option with voltage excitation source between earth

and the base of the element (b/% = 10-i)
Fresnel- Program MODIFIED IMAGES assuming Fresnel reflection coefficient and sinusoidal current

distribution on elements
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disk ground planes when the disk radius approaches zero, but it yields different results

from Richmond's method-of-moments for input impedance, absolute power gain, and
radiation efficiency. The Fresnel reflection coefficient model accurately calculates the
relative energy reflected in various directions into the upper hemisphere, but it neglects the
leaky evanescent surface wave that is generated by the incident spherical wavefront in
proximity to the air-earth interface (see section 3.1.5).

3.1.2 Vertically-Polarized Hertzian Dipole above Dielectric Earth

For a vertically-polarized Hertzian dipole at zero height (I zo I -* 0) above dielectric
Earth, the modified radiation efficiency fld is greater than zero for cT < - and is equal to

0.09 - 0.10 for 9 _< 5 81 (see figures 3-1 and 3-2 showing data generated by King [31]

and Burke [32]). King's results, based on a Sommerfeld integral model, are approximate
because his analytical formulation is subject to the condition T >>1 (or equivalently, k1/k2

> 3). However, Burke's results, which are based on the NEC-3 method-of-moment's

program, are considered to be the best available.

The absolute directive gain pattern of a vertically-polarized Hertzian dipole at z, :o
height above dielectric Earth is shown in figure 3-3 for the case T = 9. It was generated by

using the Sommerfeld option of the NEC-3 program with a voltage excitation source
between the base of an electrically-short (h/% = 2 x 10-4), electrically-thin (b/X = 2 x 10-4),

monopole element and dielectric Earth. In the upper hemisphere (air), the radiation pattern

is similar to that for the case of lossy Earth, except that the peak directive gain is reduced by
approximately II dB (compare with figures 2-2 and 2-7). In the lower hemisphere

(dielectric Earth), however, the radiation pattern is remarkable because most of the energy
is radiated at the critical angle ec. The peak directive gain is 15.6 dBi at an angle of

transmission 0, = 19.5 degrees, which in reference 33 is shown to correspond to

0t = ec = arcsin [(r)1 12], Hertzian dipole on dielectric Earth (3-5)
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where

0C = critical angle = angle of reflection for a plane-wave incident from a less

dense medium at an angle of incidence approaching t/2 radians.

The modified radiation efficiency is r1d = 0.103 (see figure 3-3). The fraction of the

available input power that is transmitted into the dielectric Earth is 1 -rd = 0.897 (compare

with 1.0 for lossy Earth), which is transmitted to the far field (compare with zero for lossy

Earth) at the critical angle 0 , The role of the surface wave in directing energy into the

earth is discussed in section 3.1.5.

3.1.3 Quarter-Wave Monopole Element on a Disk Ground Plane Resting
on Earth

Weiner [19] has used Richmond's method-of-moments [20, 21] to obtain the

radiation efficiency of quarter-wave monopole elements on disk ground planes resting on
Earth for the CCIR-527-1 classifications given in table 2-1. The radiation efficiency r"

increases monotonically with increasing disk radius a (see figure 3-4).

3.1.4 Quarter-Wave Monopole Element on a Radial-Wire Groundscreen in
Proximity to Earth

Numerical results for the radiation efficiency of quarter-wave monopole elements
with radial-wire groundscreens in proximity to Earth have been obtained by Burke [33] and
Weiner [50] using Burke's method-of-moments code NEC-GS. These results are plotted
in figure 3-5 for the groundscreen buried at a depth of zo/% = 10- 4 in Earth of

relative complex permittivity e*/Eo = 15 - j 1.5. This permittivity corresponds

approximately to medium dry ground at a frequency of 15 MHz (see case 5 of table 2-1).
The radiation efficiency increases monotonically with increasing length and number of
radial wires (see figure 3-4) and the length of the monopole element (as deduced from table

3-1).
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3.1.5 Role of Surface Wave in Directing Energy into the Earth

Why is the radiation efficiency (and modified reduction efficiency) of an electrically-

short element in close proximity to Earth so small? If the source wavefront were a plane-
wave incident at small grazing angles onto a semi-unbounded denser medium, most of the

energy would be reflected. Instead, most of it is transmitted into the denser medium

because a surface wave is generated.

In addition to energy being transmitted and absorbed into Earth by reflection of the

direct and indirect waves, it is also directed into the Earth by a leaky evanescent surface

wave that is generated in the air medium in proximity to the air-earth interface. The surface

wave has an evanescent field in the air-medium only, but leaks energy into the Earth

medium, not into the air medium [31 ]. The dipole radiation efficiency is small when the

dipole is in close proximity to Earth because energy leaks into the Earth in the immediate

vicinity of the dipole where the fields are strongest.

The explanation of the surface wave directing most of the available input energy into

the Earth is consistent with the radiation pattern of figure 3-2. Most of the available input

power is transmitted into the dielectric Earth at an angle of transmission equal to the critical

angle. Goos and Hanchen [34] demonstrated the role of the surface wave in displacing the

location of the reflected wave using a collimated narrow beam of light incident onto a less

dense medium at angles of incidence greater than or equal to the critical angle.

The generation and analysis of surface waves are described in the literature

extensively on the basis of the Sommerfeld integral (see list of references within reference

35). Booker and Clemmow [36, 37] determine the equivalent aperture distribution in the

vertical plane that gives the surface and space-wave fields in the air medium above the

Earth. The aperture distribution consists of the dipole, its image, and a line source

extending indefinitely downward from the image. The line source, which generates the

surface wave, disappears when the Earth is perfectly conducting. The aperture distribution
yields an angular spectrum of reflected plane waves whose complex amplitude is

determined by the Fresnel reflection coefficient for each angle of the spectrum. The
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amplitude spectrum of the Fresnel coefficients is the Fourier transform of the aperture

distribution. Brekhovskikh [38] combines the method of steepest descents (saddle points)

with the decomposition of a spherical wavefront into an angular spectrum of plane waves to

give a complete description of the direct wave, reflected wave, and surface wave at all

points in space for a wide variety of cases, including the case of Goos-Hanchen.

Brekhovskikh's analysis is applicable to spherical-wave refraction, whereas Fresnel's

reflection and transmission coefficients are valid for plane-wave refraction by a semi-

unbounded medium.

3.2 Ground-Plane Stabilization of the Available Loss Factors and
Receiver Noise Factor

The available loss factors of the receive antenna, matching network, and transmission
line (1c, Im, In. respectively), and the receiver noise factor fr are functions of the source

impedance of each of the respective circuits. Consequently, these parameters are a function

of the receive antenna input impedance which, in turn, is a function of the receive antenna

ground-plane system.

3.2.1. Functional Dependence on Antenna Input Impedance

The impedance equivalent circuit of the receiving system is given in reference 28.

Sequentially, the receiving system consists of the antenna, matching network, transmission
line, and receiver. The receiving system available loss factors/c, gin, and In of the

antenna, matching network, and transmission line, respectively, are given by references 28

and 39 as:

Ic= R / Rrad = 1 + Rc / Rrad (3-6)

Im = I + [(Rm + Rs) / Rin] (3-7)
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exp (2a d) {1 - jrlj2 exp (- 4aod) - 2 [Im Z0 / Re Zo ] Im [Fexp(-2y d)]}
in= 1- 1 2 - 2 Im Zo / Re Zo IImP

(3-8)

where

Rin = antenna input resistance (ohms) = Rr-ad + Rc

Rrad = antenna radiation resistance (ohms)

Rc = series ohmic resistance of antenna circuit (ohms)

Rm, Rs =  series resistances of matching network and its
switching circuit, respectively (ohms)

= voltage reflection coefficient looking back at the matching
network = (Z - .) / (Z + Zo)

Z = output impedance of matching network (ohms) = Z penc. matching network

Zmn, no matching network

Zo  = characteristic impedance of transmission line (ohms)

7in = antenna input impedance = Rin + j Xin (ohms)

a = attenuation coefficient of transmission line (m- I)

P3 = phase constant of transmission line (m-1 )

d = length of transmission line (m)
= X + j = propagation constant of transmission line (m-1)

Equations (3-6), (3-7), and (3-8) are functions of the antenna input impedance Zin. In the

absence of a matching network, Im = 1. With a perfect matching network (Rm = Rs = 0,

antenna is conjugate-matched to transmission line), tm = 1 and tn = exp (2o: d).

The receiver noise factor fr is a funrtion of the source admittance Ysource seen by the

receiver looking back at the transmission line, given by reference 28 as

1r [1 - Fexp (-2 yd)1 (3-9)
YsoceZ I + F exp (-2 y d)j
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For a long lossy transmission line or a perfect matching network, Ysource = 1/Zo. The

receiver noise factor fr is given by rference 28 as:

fr = f + (r./Re Yso,,.r)Y ,, o- Ydo2  (3-10)

fo = minimum noise factor of receiver for any possible source admittance Ysource

rn = empirical receiver noise parameter with the dimensions of resistance that
account for the sensitivity to source impedance of the receiver noise factor

Yno = gno + j bno = complex empirical receiver noise parameter with the dimensions of
admittance (Sieinens)

Equations (3-9) and (3-10) are generally functions of the antenna input impedance Zin.

3.2.2 Input Impedance of a Quarter-Wave Monopole Element on a
Disk Ground Plane Resting on Earth

The antenna input resistance Zin is given by

Zin = Rin +j Xin = (Rrad + Rc) +j Xin (3-11)

where

Rad = antenna radiation resistance (ohms) = Rin 1

71 = antenna radiation efficiency (numeric)

Rc = series ohms resistance of antenna (ohms) = Rin- Rrad = Rin (1-r1)

Weiner [19] used Richmond's method-of-moments [20] to obtain the radiation

resistance Rrad, input resistance Rin, and input reactance Xjn of a quarter-wave monopole

element on a disk ground plane resting on Earth for the CCIR-527-1 classifications of Earth

given in table 2-1. Numerical results for medium dry ground at f = 15 MlHz are presented

in figures 3-6, 3-7, and 3-8. The radiation resistance Rrad increases periodically as the disk

radius increases (see figure 3-6). The input resistance decreases aperiodically to an

asymptotic value of 36 ohms as the disk radius increases (see figure 3-7). The input

reactance increases aperiodically to an asymptotic value of 22 ohms for a very thin
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monopole element (see figure 3-8). The input reactance is a stronger function of the

element radius than the radiation resistance [40].

3.2.3 Input Impedance of a Quarter-Wave Monopole Element on a
Radial-Wire Groundscreen in Proximity to Earth

Burke [33] has used his NEC-GS program to obtain numerical results of the input
resistance Rin and input reactance Xin of a quarter-wave monopole element on a radial-wire

groundscreen in proximity to Earth. These results are plotted in figures 3-9 and 3-10 for
the groundscreen buried at a depth zo/k = 10-4 in medium dry ground at f =15 MHz.

The input resistance and reactance asymptotically approach the radius for a disk
ground plane as the groundscreen density approaches infinity (that is, as the number of
radial wires N -+ - ). The resonances that occur in input impedance for a sparse number

of radial wires (see figures 3-9 and 3-10) provided that the wires are not in proximity to

earth of high conductivity [33], are a unique characteristic of radial-wire ground planes.
They apparently occur because the currents on the sparse radial wires are not closely

coupled, unlike those of the case for a high density of radial wires [33].

3.2.4 Antenna Input Impedance Stabilization with Respect to Ground-
Plane Radius and Earth Permittivity

Antenna impedance mismatch is not as critical for receiving systems as it is for trans-
mitting systems because the rf power levels in receiving systems are orders of magnitude

less. Nevertheless, antenna impedance mismatch can cause a significant increase in the
internal noise factor [28]. This problem is particularly acute in HF receiving systems
because they usually employ electrically-short elements that must operate over a wide range

of frequencies. Therefore, there is interest in stabilizing the antenna transmit mode input
impedance so that the system remains externally noise-limited.
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The antenna input impedance is a function of the normalized element length h/ (the

most influential parameter); the ground-plane system; and the normalized element radius
b/'4 which influences input reactance more than input resistance. The normalized ground-
plane radius 2taIX; groundscreen density (or number N of radial wires); normalized
ground-plane height zo/X of the earth's surface relative to the ground plane; and Earth

relative permittivity c*/ro also affect input impedance.

Ground-plane radii of at least 27raA = 2 wavenumbers are required to stabilize the

input impedance of quarter-wave elements with high-density ground planes to within 20

percent of that for a perfect ground plane (see figures 3-6 through 3-9). The minimum
number of radial wires required to achieve this degree of stabilization is approximately

N = 32 (see figures 3-8 and 3-9). The input impedance of monopole antennas with low-

density ground planes is stabilized with ground-plane radii smaller than those required for
high-density ground planes.

3.3 COMPARISON OF EXTERNAL NOISE FACTOR WITH CCIR
PREDICTIONS

The external noise factor fa in equations (3-1), (3-2), and (3-3) is a function of the

directive gain (and, consequently, ground-plane characteristics) of the receive antenna

unless the angular distribution f(O, 0) of the external noise is uniform in the hemisphere

above lossy Earth. Within this section, we determine the external noise factor as a function

of the ground-plane radius and compare the results with CCIR predicted values. For
ground-plane radii less than at least eight wavenumbers, the external noise factor is

approximately independent of the ground-plane radius and approximately equal to the

CCIR predicted values in the HF band for the same angular distribution of CCIR external

noise.

The external noise factor f. of a receiving system is given in reference I as

21r n/2

0= (/4r) J Jf(0, 0)dr(O, 0)sin dOdo (3-12)
0 -nt/2
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where

fa(O,)) external noise angular distribution (numeric with the same

dimensionality as f. and normalized to the same reference

noise as fa)

dr(e, ) = numeric directive gain of the receive antenna

For an antenna in proximity to loss,' earth, f(0,0) = 0 and d,(0, ) = 0 in the hemisphere

below the ground. Therefore, equation (3-12) reduces to

2t rt/2
fa = (1/4t) f ff(OO)dr(O,O)sinOdOdO, (3-13)

0 0
antenna in proximity to lossy earth

For angular distributions of external noise that are either uniform [f(0,0) = fao] or a point source

[f(e, ) = (4ire/ sin 6o) fao [5(0- 0o) 6( - o)]' equation (3-13) reduces to

F fao, uniform angular distribution

fa = fao dr (00, 00), point source angular distribution for a source at 0= 0 0, 0=0o (3-14)

for a source at 0 = 00, =0

The external noise factor is independent of directive gain for uniform external noise, but it
is proportional to directive gain for a point source of external noise.

Section 2 demonstrates that the directive gain of a monopole element with a circular
ground plane resting on lossy Earth is approximately independent of the ground-plane
radius for ground-plane radii 0 < 2taA 5 8.0 wavenumbers (see figures 2-2 through

2-13). Therefore, the external noise factor f, is approximately independent of ground-

plane radius for ground-plane radii at least as small as eight wavenumbers.
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The CCIR (French) published statistical values of f,, for atmospheric noise in the

frequency range 0.01 through 20 MHz based on measurements as a function of location,
time of day, and season [41, 42]; and man-made noise in the frequency range 0.25 through
250 MHz based on measurements as a function of type of location [43]. These values,

denoted by fa CCIR, are claimed to be normalized to correspond to those values that would

be measured with an electrically-short vertically-polarized monopole element mounted on a
perfect ground plane [44, 45, 46]. It should be noted, however, that the antenna used for

the CCIR measurements is a monopole element 21.75 feet long and a ground plane

consisting of 90 radial wires (each 100 feet long and situated eight feet above the ground)

[47]. The HF CCIR values most likely correspond to those values that would be
measured with an electrically-short vertically-polarized monopole element mounted on an
electrically-small ground plane in proximity to lossy Earth, as discussed in the remainder of

this subsection.

The CCIR external noise factor fccIR is given by

21t r/2
faCCIR (1/4 t) J JfCCIR (, ) drCCIR(O)sindO do (3-15)

0 0

where

fCCIR(0,O) = angular distribution of external noise for CCIR database

d, CCIR (0) = numeric direction gain of antenna for CCIR database

A receiving system's external noise factor f, expressed in terms of CCIR external noise

factor f CCIR is found from equations (3-13) and (3-15) to be

2r n/2
J ff(0,0) dr(0,€) sin0 dO do

fa/faCCIR 20 0
f J fCCIR (0, ) dr CCIR (0,o) sinO dO do
0 0 (3-16)
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Consider a receive antenna consisting of an electrically-short monopole element with
an electrically-small ground plane resting on flat lossy Earth. Its directive gain
dr (0, 0) = dr (0) is analytically approximated by equation (2-3) for and medium dn'
Earth and 27raAk = 3 and is approximately valid for cases (3) through (11) of table 2-1 and
ground-plane radii 0 < 27ta/? _< 8 wavenumber. What is the ratio fa / fa CCIR for the
condition f (0, 0) = fCCIR (0, 0)?

Since fccR(O,)is unknown (the electrically-short monopole element used to obtain

the CCIR database of fccIR(O, ) is omnidirectional in the azimuthal direction and has poor

angular resolution in the vertical plane), consider these arbitrary' cases:

Case 1. fCCR( 6, 0) / faCCIR = I

Case 2. fCCIR( 6 ,)/fa CCIR = b sin 8 o where b = 2/[ f sin 9 0d r CCIR(O) dO]
0

cossn3 6 where b t/2
Case 3. fCCIR(0, ) / fa CCR = b cos0sin f cos6 sin OdrCCIR(O)dO]

0

Case 1 corresponds to a uniform angular distribution. Case 2 corresponds to an angular
distribution with a maximum gain on the horizon and a 50 percent value at 0 = 66 degrees.
Case 3 corresponds to an angular distribution with a maximum gain at 6 = 60 degrees and a
shape identical to that of dr (0) given by equation (2-3) for medium dry Earth and 2rnaA =

:3.0.

If the values of fa CCIR have been normalized to correspond to those values that

would be measured with an electrically-short monopole element on a perfect ground plane,

then

3sin2e, 0:0 r /2 rad
d, CCIR(O) = , perfect ground plane (3-17)

0, -ir/2<0<0rad
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However, we contend that the values of faCCIR in the HF band correspond more

closely to those values that would be measured with an electrically-small ground plane.
The ground-plane radial wires used to obtain the CCIR database are of length
a = 100 ft. corresponding to 2nraA = 1.9 and 19 wavenumbers at 3 and 30 MHz,

respectively. In section 2, we showed that the directive gain pattern of monopole elements
with ground planes resting on lossy Earth is not appreciably different for ground-plane
radii 0 - 21ra/- 5 8 wavenumbers. We suspect that the directive gain pattern for

2itaA _ 19 wavenumbers more closely resembles that for an electrically- small ground

plane than for an electrically-large ground plane. Except for normalization to correct for

ohmic losses of the antenna system, it is doubtful that the CCIR values of fa CCIR are

normalized to correspond to those for a perfect ground plane. That kind of normalization
would require a knowledge of the elevation angular distribution fccIR (8), which was
experimentally not known; and the directive gain of monopole elements with electrically-
small ground planes resting on lossy Earth, which was not known theoretically for disk
ground planes until 1990 [19] and for radial-wire ground planes until 1989 [27]. Although
the antenna input impedance for the radial-wire ground plane used to obtain the CCIR
database is not appreciably different from that for a perfect ground plane, the directive gain
pattern in the HF band at angles near the horizon is significantly different. Therefore, we
contend that the numeric directive gain d, CCIR (0) of the antenna used to obtain the CCIR

database could not have been normalized to that for a perfect ground plane. We further
contend that the CCIR database in the HF band is better approximated by that for an
electrically-small ground plane for ground-plane radii 0 _ 2ita/2. _ 8.0 wavenumbers and
possibly larger radii. Accordingly, d CCIR (a) is better approximated by equation (2-3)

than by equation (3-17); namely,

10 cos 0 sin 3 0, 0 _ 0 r,/2 rad
d r CCIR (0) = 1 ,-/:00rd(3-18)

0, -t/2<800rad

electrically-small ground planes on lossy earth,
0 _ 2nra/2 . _ 8.0 wavenumbers
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The external noise factor of electrically-short monopole elements with electrically-

small ground planes resting on loss), Earth is equal to the CCIR measured values for the

same angular distribution of external noise, assuming that the values are normalized to

those for a similar antenna (see table 3-2). However, if the CCIP measured values were

normalized to those for an electrically-short monopole element with a perfect ground plane

(which we dispute), then the external noise factor would be unchanged for uniform external

noise; reduced by a factor fa Ifa CCIR = 0.69 = -1.6 dB for external noise with a peak on the

horizon; and increased by a factor fa/fa CCiR = 1.19 = 0.8 dB for external noise with a

peak at 30 degrees above the horizon (see table 3-2).

These results suggest that the CCIR measured values of the external noise factor

fa CCIR are not appreciably affected by the extent of the ground plane that was assumed in

normalizing the CCIR values, provided that the external noise was angularly-distributed

over a large solid angle. If the external noise factor is from a point source near the horizon,

then the external noise factor is significantly affected by whether the ground plane is

electrically-small or perfect. If it is electrically-small, the numeric directive gain is

approximately zero near the horizon; however, if it is perfect, then the directive gain is a

maximum on the horizon [see case 4 of table 3-2 and equation (3-17)].

Similarly, the peak intensity of the angular distribution of external noise is not

significantly affected by the extent of the ground plane for a given external noise factor and

shape of the angular distribution, provided that the external noise is angularly-distributed

over a large solid angle. For example, the peak intensity of the angular distribution for

electrically-small ground planes relative to that for a perfect ground plane will be unchanged

for uniform external noise; increased by a factor of (2.6/1.805) = 1.44 = 1.6 dB for

external noise with a peak at 30 degrees above the horizon (see table 3-2). However, if the

external noise is from a point source on the horizon, the amplitude of the delta function

distribution will increase by a factor of infinity (see table 3-2).
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SECTION 4

ARRAY FACTOR DEGRADATION BY NONHOMOGENEOUS EARTH

The electric field, at each element of a ground-based HF receiving array, is the sum of
a direct field and an indirect (multipath) field. For elements with sufficiently-small ground
planes, the indirect field is not reflected from the ground plane; instead, it is reflected from
the Earth in proximity to that element. The indirect field, relative to the direct field, is the
product of the earth Fresnel reflection coefficient and a pathlength phase delay that is
proportional to the height of the element above the Earth. The Fresnel reflection coefficient
model is valid for computing directive gain, but not the absolute power gain (see section
3.1.1 ). If the Earth beneath the array is nonhomogeneous, then the argument of the total
electric field at each element (after allowance for the true phase advance of the direct field at
each element) is not uniform from element-to-element. The non-uniform argument causes
an array rms phase error and beam-pointing errcrs when the nonhomogenous earth is
systematically-distributed.

The earth Fresnel reflection coefficients and the arguments of the total field for a
vertically-polarized Hertzian dipole at height h above the earth are tabulated in reference 48
for CCIR 527-1 classifications of Earth, and hK = 0, 0.54, and 0.270. The normalized
heights hfi. = 0, 0.54 and 0.270 correspond to the midpoints at 6 MHz and 30 MHz,

respectively, of a 5.4 m-length vertical monopole. The rms phase errors and beam-

pointing errors are modeled in reference 48 for arbitrary distributions of nonhomogeneous

Earth.

Numerical results are summarized in tables 4-1, 4-2, and 4-3 for randomly-

distributed and systematically-distributed Earth nonhomogeneities for cases where one-half
of the array elements is located in proximity to one type of Earth, while the remaining half
is located in proximity to a second type. Very dr, ground/medium dry ground, medium dr'
ground/wet ground, and very dry ground/wet ground combinations of Earth types are

considered. The beam-pointing errors for randomly-distributed Earth nonhomogeneities
are not shown in tables 4-1, 4-2, and 4-3 because the beam-pointing errors are zero for this

case.
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The rms phase error is an increasing monotonic function of hA, (for modest values of

hA), but generally a non-monotonic function of the angle of incidence 0.

The maximum expected values of the rms phase errors at the best diffraction focus of

the array for tle cases examined are 18 degrees and nine degrees for randomly-distributed

and systematically-distributed nonhomogeneities, respectively. The rms phase error is less

for systematically-distributed nonhomogeneities because the linear pLse error caused by
beam-pointing errors has been subtracted. The maximum expected values of the beam-

pointing error (in elevation and in azimuth) are zero and 0.3 beamwidths for randomly-

distributed and systematically-distributed nonhomogeneities, respectively. The maximum
rms phase errors and beam-pointing errors occur for very dry ground/wet ground, 0 = 85

degrees, hA = 0.270.

The above numerical results suggest that the influence of nonhomogeneous earth is
appreciable, but not significant, on the performance degradation of an HF receiving array
with electrically-small ground planes.
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SECTION 5

SUMMARY AND CONCLUSIONS

Ground-based HF receiving arrays often employ some form of a vertical monopole

element with a ground plane that is made as large as is economically feasible to mitigate the

effects of the Earth and feed-cable exterior current on system performance. In the design of

very large ground-based HF receiving arrays comprising hundreds or thousands of

elements, electrically-large metallic ground planes are prohibitively expensive to construct

and maintain. Economically, electrically-small ground planes are a relatively low-cost

solution to this problem, provided the system performance is not too adversely affected.

The performance of HF receiving arrays with electrically-small ground planes is

investigated herein.

Electrically-small ground planes do degrade the performance of ground-based HF

receiving arrays by reducing element directive gain near the horizon, distorting the element

azimuthal pattern, increasing the system internal noise factor, and increasing tne array

factor rms phase error and beam-pointing errors. These performance degradations,

however, are not significant for most applications.

Earth multipath reduces the directive gain near the horizon. The peak directive gain is

approximately the same as that for a perfect ground plane except that the peak directivity is

approximately 30 degrees above the horizon instead of near the horizon. The directive gain

pattern is unaffected by the size of the ground plane for ground-plane radii at least as large

as 0 < 27ra/, < 8 wavenumbers. The numeric directive gain, of electrically-short monopole

elements with electrically-small ground planes resting on lossy Earth, is given

approximately by dr (6) = 10 cosO sin30; 0 < 0 < 90 degrees zero otherwise. At angles

near the horizon and for ground-plane radii at least as large as eight wavenumbers, the

directive gain is reduced from the peak directive gain by approximately 4 dB at 0 = 82

degrees, 5 dB at 84 degrees, 7 dB at 86 degrees, 12 dB at 88 degrees, and - dB at 90

degrees.
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The exterior current on the element feed cable distorts the element azimuthal pattern

and modifies the phase center of the element.

The system internal noise factor is increased by increased ground losses and antenna

impedance mismatch. Whenever the antenna proximity to earth is not mitigated (by an

electrically-large ground plane), the element ground losses are increased because of the

generation of a leaky evanescent surface wave that directs energy into the Earth, but not

into the air medium. The radiation efficiency of a vertically-polarized Hertzian dipole

resting on Earth is zero if the Earth is lossy, and is approximately ten percent if the Earth is
a perfect dielectric. The radiation efficiency of monopole antennas increases monotonically

with increasing radius and density of the ground planes, and increasing length of the

monopole element; it increases quasi-monotonically with increasing height of the ground

plane above the Earth.

Antenna impedance mismatch can cause a significant increase in the system internal

noise factor, particularly in HF receiving systems, because such systems usually employ

electrically-short elements that must operate over a wide range of frequencies. Ground-
plane radii of at least 27ta/X = 2 wavenumbers are required to stabilize the input impedance

of quarter-wave elements with a high-density ground plane to within 20 percent of that for

a perfect ground plane. The input impedance for a low-density ground plane is stabilized
by ground-plane radii smaller than those for a high-density ground plane. Impedance-

matching networks are generally necessary to achieve impedance matching over a wide

range of frequencies. The ohmic loss of the matching network should be minimized so that

the reduction in internal noise factor achieved by reduced mismatch loss is not offset by an

increase in internal noise factor caused by those ohmic losses.

The external noise factor of HF receiving systems with electrically-small ground
planes is expected to be comparable to CCIR predicted values. Although CCIR claims that

their predicted values have been normalized to those for an electrically-short monopole

element on a perfect ground plane, the ground-plane radial wires used to obtain the

database are of length a =100 ft., corresponding to 27ta/k = 1.9 and 19 wavenumbers at
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3 MHz and 30 MHz, respectively. The ground-plane radii are too small to yield a directive
gain pattern at HF wavelengths that is appreciably different from that of a vertically-

polarized Hertzian dipole resting on lossy Earth. It is doubtful that the CCIR values of the
external noise factor are normalized to correspond to those for a perfect ground plane. This
kind of normalization would require a knowledge of the elevation angular distribution of
external noise, which was not experimentally determinable; it would also require
knowledge of the directive gain of monopole elements with electrically-small ground planes

resting on lossy Earth, but that was not known theoretically until recently.

The electric field at each element of a ground-based HF receiving array is the sum of a
direct field and an indirect (multipath) field. For elements with electrically-small ground
planes in proximity to nonhomogeneous Earth, the indirect field causes an array rms phase

error and beam-pointing errors when the Earth nonhomogeneities are systematically-
distributed. The maximum expected values of rms phase error, at the best diffraction focus

of the array for very dry/wet nonhomogeneous Earth, are eighteen degrees and nine
degrees for randomly-distributed and systematically-distributed nonhomogeneities,

respectively. The maximum expected value of the beam-pointing error is zero and 0.3
beamwidths for randomly-distributed and systematically-distributed non-homogeneities,

respectively.

The most significant performance degradation is the reduced directive gain at angles

near the horizon. For applications that require better directive gain at those angles, the
ground plane must be made electrically-large.
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